Abstract -This paper reviews recent results on impurity free intermixing of GaAs/AlGaAs quantum wells and application of this technique for integration of optoelectronic devices. Silicon dioxide layers created by plasma enhanced chemical vapour deposition and spin on glass layers were used in this study to create interdiffusion. An integrated device of a laser and a waveguide has been demonstrated.
I. INTRODUCTION
III-V compound semiconductors are widely used in electronic and optoelectronic devices [1] - [2] . Optoelectronic device integration is of current interest. Two main methods used are selective area epitaxy and quantum well intermixing [3] - [5] . Selective area epitaxy requires masking, etching and re-growth leading to difficulties in achieving high yields. Quantum well intermixing is a simple technique but requires further development prior to its application in manufacturing processes. Key issues for quantum well intermixing have been lack of reproducibility and limited understanding of mechanisms responsible for atomic interdiffusion processes. This paper reviews our research efforts in the area of quantum well intermixing for optoelectronic device integration.
Atomic interdiffusion between the well and barrier atoms leads to changes in the shape of the quantum well. This modification in shape gives rise to changes in the absorption coefficient, refractive index and band gap.
Many techniques have been used for quantum well intermixing and they include impurity induced disordering [5] , impurity free intermixing [6] , implantation induced interdiffusion [7] - [10] and laser induced intermixing [11] . Impurity induced disordering is achieved by using impurities such as Zn, Si and has been widely studied in 1980s [5] . Main drawback of this method has been the control of impurity diffusion and also presence of residual impurities in the active regions of optoelectronic devices. However, impurity induced disordering is still suitable for disordering quantum wells outside the active regions, e.g. outside ridge regions of a ridge waveguide laser. Implantation induced intermixing relies on the defects introduced by the technique and is versatile and compatible with microelectronic processing. However, residual defects created by implantation need to be carefully engineered to avoid degradation in the performance of the devices. Recently, this method has been used to integrate a broad range of devices [8] - [10] . Laser induced interdiffusion [11] has been used to selectively heat the surface region of the sample to create defects. Non-uniform generation of defects has been one of the main concerns with this method. Impurity free disordering relies on the injection of defects during annealing with capping layers such as SiO 2 . This method has been most popular due to retention of excellent crystal quality after interdiffusion [12] [13] [14] [15] . This paper reviews various ways of creating impurity free interdiffusion in GaAs/AlGaAs materials system.
II. EXPERIMENTAL
Four GaAs quantum wells (QW) of nominal thicknesses of 1.4 (QW1), 2.3 (QW2), 4.0 (QW3) and 8.5 (QW4) nm were grown by metal organic chemical vapour deposition (MOCVD) on semi-insulating substrates of (100) GaAs. Barrier layers were Al 0.54 Ga 0.46 As layers of 50 nm thick. QW1 is closer to the surface and the samples are terminated with 40 nm thick GaAs capping layer to avoid oxidation of AlGaAs barrier layer and to act as a source of gallium. Silicon oxide layers were deposited using plasma enhanced chemical vapour deposition (PECVD) using silane (5% in nitrogen) and nitrous oxide. All capping layers were deposited at 1 Torr pressure and 20W r.f. power. Spin on glass (SOG) layers were also studied to create impurity free interdiffusion in a 2 QW structure. One half of the silicon oxide was etched away to act as a reference prior to rapid thermal annealing (RTA) at 900 or 950 o C for 60 sec. GaAs proximity capping was used to prevent excessive loss of arsenic during annealing. Photoluminescence (PL) measurements were made at 12K using a green He-Ne laser (543.5 nm) and silicon charge coupled device (CCD) detector through a 0.25 m monochromator. 
III. RESULTS AND DISCUSSION
In order to understand the dielectric layer quality and its influence on quantum well intermixing, PECVD silicon oxide layers were deposited under varying silane and nitrous oxide flow rates and deposition temperature. Effect of the pre-baking temperature of spin on glass layers on interdiffusion was also studied.
A. Effect of Silane Flow Rate
Silicon oxide layers were deposited at various Silane flow rates, by keeping nitrous oxide flow rate fixed at 710 sccm and deposition temperature was maintained at 300 o C. Figure 1 (a) shows typical PL spectra obtained from QW samples annealed at 950 o C for 60 sec with capping layers (40 sccm silane flow) and without capping layers. Four clearly resolved peaks in the spectrum were observed for uncapped QWs, whereas capped QWs showed only three peaks corresponding to QW2, QW3 and QW4. No PL emission was observed from QW1 from the capped and annealed sample due to its proximity to the dielectric layer/semiconductor interface, where defect concentration is expected to be the highest. Non-radiative recombination centers are known to reduce or quench the PL emission.
Typical variation of blue shift for QWs with silane flow rate is shown in Fig. 1b . Similar magnitude of shifts were obtained for QW2 and QW3, whereas minimum shift was observed for QW4. The origin of blue shift in SiOx capped QWs is due to the out-diffusion of Ga into the capping layers. This leads to the injection of Ga vacancies into the QW structure. Vacancy concentration is expected to be highest nearer to the surface and decreases with distance leading to smaller blue shifts for the same thickness quantum wells located at various distances away from the surface. Blue shifts are also shown to be dependent on quantum well thickness and QWs with in the thickness range of 3-4 nm have shown largest shifts. In our case, blue shifts are a combination of distance of the QWs from the SiOx/heterostructure interface and QW thickness. It is not surprising that the QW4 has shown minimum blue shift due to its farther distance from dielectric layer-/heterostructure interface and also thickest QW. This suggests that design of the QW thickness and its location is important to achieve optimum blue shift. The changes in blue shift due to silane flow rate have been correlated to the changes in the porosity of the films, oxygen content in the films as well as nitrogen incorporation [12] .
B. Effect of Nitrous Oxide Flow Rate
The effect of nitrous oxide flow rate on silica layer quality and its influence on quantum well intermixing was studied by keeping silane flow rate fixed at 160sccm and deposition temperature at 300 o C. The blue shift increases with increasing nitrous oxide flow rate to reach a maximum for flows 100-200 sccm and thereafter decreases to reach almost a constant value for flows above 350 sccm. These changes in the energy shifts have been correlated to changes in the oxygen content of the films as well as residual stress in the films. The oxygen content of the capping layer determines the concentration of vacancies generated at the heterostructure/capping layer interface, while the stress imposed by the capping layer on the heterostructure determines the diffusion of defects [14] - [15] . 
C. Effect of Deposition Temperature
The effect of deposition temperature was studied by depositing silicon oxide films on QW structure using a silane flow rate of 160 sccm and a nitrous oxide flow rate of 710 sccm. The QW structures with and without capping layers were annealed at 950 o C for 30-90 sec. Figure 3 shows the energy shift as a function of deposition temperature for QW3 and QW4. For the films deposited at or below 200 o C, porosity in the films was much larger than the films deposited at 300 o C. Higher porosity leads to enhanced Ga diffusion into the capping layer, leading to enhanced injection of gallium vacancies which enhance atomic interdiffusion between Al and Ga atoms at the heterointerfaces of the quantum wells [13] .
From this study one could conclude that the properties of the capping layers significantly influences interdiffusion achieved in GaAs/AlGaAs quantum well structures. Deposition conditions could change the stress in the films, oxygen content, nitrogen content and porosity and all these have been found to influence interdiffusion. In view of the complex nature of PECVD SiOx layers, a simple way to achieve silicon oxide layers was studied using spin on glass and its role in enhancing atomic interdiffusion in GaAs/AlGaAs heterostructures.
D. Effect of Pre-baking Temperature of Spin-on-Glass
Spin on glass (SOG) films were spin coated on a GaAs/AlGaAs structure with 2 QWs with thicknesses of samples with and with out SOG cap were annealed at 950 o C for 60 sec. Figure 4 shows the PL energy shift as a function of pre-baking temperature of SOG films. Energy shifts were much higher for the films pre-baked at or above 300 o C. Diffusion coefficients were also plotted in figure 4 . Refractive index and P-etch measurements showed that the porosity of the silica films is much higher for pre-baking temperatures at or above 300 o C leading to increased Al-Ga interdiffusion at the heterointerfaces of quantum well structure [16] . 
E. Integration of a Laser Diode and a Waveguide
The waveguiding in the direction parallel to the growth direction (transversal) is well defined by the sequence of grown layers. The waveguiding in the direction perpendicular to the growth direction (lateral) is defined by etching a ridge, both in the laser diode and in the passive waveguide part. The etching process stops at about 0.1-0.2 µm above the interface between the pconfinement layer and the waveguide layers. The lateral index guiding is not a linear function of the etch depth, but is almost negligible until the etch depth reaches 0.3-0.5 µm above the interface confinement / waveguide, depending on the actual laser diode transversal structure. Almost the same value of the index guiding ∆n ef can be achieved by etching the surface until 0.3 µm above the p-confinement / waveguide interface and making an extra 0.2 µm deep etch step to provide lateral waveguiding in the passive, waveguide part after intermixing.
To demonstrate this procedure, we use a structure that has a 2 µm thick p-confinement layer and etch down most of it before the intermixing process. PECVD SiOx layers were deposited on the waveguide part of the integrated device to create differential intermixing. Thus, the interface that injects Ga vacancies, promoting atomic interdiffusion, is much closer to the active layer in the waveguide region. This induces the additional blue shift needed to reduce the absorption coefficient of light propagation. The infrared image of the integrated laserwaveguide device above threshold is shown in figure 5 .
The value of the passive losses in the waveguide region is α p ≈ 7 cm -1 . This is due to the increased residual (thermal) intermixing observed in laser region due to presence of Zn doped contact layer, compared with undoped material in the waveguide region. In the active part of the integrated device we have a behavior characteristic to a doped sample (impurity induced disordering), while in the etched part of the device the behavior is characteristic to an undoped sample (impurity free disordering). Thus, the 30 nm blue shift expected for undoped samples is reduced by about 17 nm due to residual blue shift in the active part and the total differential shift between laser part and the waveguide part is only 13 nm. This is insufficient to reduce the absorption loss to a value lower than 2.5 cm -1 , the absorption coefficient in the active part. If the right amount of differential intermixing is achieved, we expect losses in the waveguide to be even lower than 2.5 cm -1 , because we etch away the highly doped Zn layers. Further work is necessary to improve optical loss in the waveguide region.
IV. CONCLUSIONS
In this work, impurity free interdiffusion in GaAs/AlGaAs quantum wells was studied by using plasma enhanced chemical vapour deposition SiOx layers and spin on glass layers. The quality of the capping layers, particularly the oxygen content, porosity, nitrogen content and stress plays significant role in determining the amount of intermixing achieved in quantum wells. Location of the quantum wells from the surface and their thickness also influences the amount of intermixing achieved. In real devices, additional complications arise due to presence of doped regions contributing to higher thermal intermixing. An integrated laser-waveguide device was demonstrated.
